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SUMMARY 

The purpose of this work is to estimate interactions in the water-rock system using an integrated 
approach, which includes the balance method and the method of geochemical (thermodynamic) 
modelling, and to illuminate the role of these interactions in the formation of water composition of the 
Cenomanian-Callovian aquifer. The results show the differences both in water composition and 
mechanisms of its formation within the small area of the Obolon water intake wells location. Two 
groups were conventionally distinguished. In water of the Icen group the Cl- specific content is almost 
two times higher than in water of the IIcen group. In water, classified as group Icen, the role of ion 
exchange processes is insignificant. The specific feature of water classified as group IIcen is the 
imbalance exists between sodium and chlorine concentrations. With increase of Cl- concentration 
sodium concentration remains unchanged and varies around the average value. Formation of the 
chemical composition of water of the group IIcen can be described as follows: first, groundwater 
balanced by sodium and chlorine enters the aquifer, then, as a result of ionic exchange and precipitation 
of montmorillonite and illite, sodium is removed from the water, while the concentration of chlorine 
doesn’t change. 
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Introduction 

Groundwater chemical composition is influenced by many factors, including the atmospheric 
precipitation content, climatic conditions, regional hydrogeological and geological features, vegetation 
(or organic matter decay), and anthropogenic factors (Belkhiri et al., 2010; Ntanganedzeni et al., 2018). 
Most notably are the processes of interaction in the water-rock system. As a rule, the concentration of 
major elements in groundwater is caused by cation exchange, minerals dissolution/precipitation, redox 
reactions, and evaporation. Statistical and balance methods, various types of diagrams, and geochemical 
(thermodynamic) modelling are used to perform various hydrogeological and hydrochemical 
assessments. In recent years, various aspects of groundwater quality and composition have been studied 
in Kyiv. The data on the concentration of microelements (Kuraeva et al., 2008; Zlobina and Tugai, 
2014), anthropogenic factors influence on the groundwater regime (Koshliakova, 2011), dynamics of 
changes in the chemical composition of water in the Cenomanian-Callovian aquifer (for example 
Koshliakov et al., 2014) were obtained and analyzed. Although studies of the composition and 
protectability of groundwater and surface water in the Kyiv area were carried out quite intensively, they 
did not take into account the interaction in the water-rock system of the aquifer. The purpose of this 
work is to estimate preliminary these interactions using an integrated approach, which includes the 
balance method and the method of geochemical (thermodynamic) modelling, and to illuminate the role 
of these interactions in the formation of water composition of the Cenomanian-Callovian aquifer. 

Method and input data 

The object of research was the water of Cenomanian-Callovian aquifer exploited by pumping wells of 
the “Obolon” water intake structure in Kyiv. “Obolon” water intake structure is located in the right-
bank part of the city and includes two water pumping and supplying stations: Obolon-1 and Obolon-2. 
Geology and hydrogeology of the research area are studied and described in detail (for example, 
Kovalev et al., 2001; Fedorenko et al., 2019). The Cenomanian-Callovian aquifer is deep well-protected 
artesian aquifer used as one of the main underground sources of water supply to Kyiv city. 

An integrated approach was applied for this study. It includes the balance method (Hounslow, 1995) 
and thermodynamic modelling based on computer program PHREEQC (Parkhurst and Appelo, 1999). 

To assess the interactions in the water-rock system of the aquifer, the reported data on the composition 
of water in the Cenomanian-Callovian aquifer sampled from wells of the “Obolon” water intake 
structure were used (Shestopalov et al., 1997; Rudenko et al., 2007; Fedorenko et al., 2019). In total, 30 
datasets (for 30 wells) for 1996-2018 were considered. Data on 3 wells were excluded from further 
consideration because of charge imbalance. Data reported in different years for the same well were 
averaged due to the lack of temporal trends. As a result, 19 datasets were used to perform the study. 

Results and discussion 

Piper and Durov diagrams and Kurlov’s formula were used to determine water types. Groundwater of 
the Cenomanian-Callovian aquifer refers to hydrocarbonate type in terms of anion content. Content of 
chlorides and sulphates in water of this aquifer is much lower. According to the cations content, water 
belongs to the calcium type. Two groups were conventionally distinguished (Table 1): in water of the 
Icen group the Cl- specific content is almost two times higher than in water  of the IIcen group. 

Table 1. Coefficients of Kurlov's formula for water of the Cenomanian-Callovian aquafer on the Obolon 
water intake (average for groups) 

Reference 
designation 

Cl- SO4
2- HCO3

-+CO3
2- Na+ K+ Ca2+ Mg2+ 

Іcen, N=10 10.58 7.09 82.33 9.65 3.04 64.03 23.41 
ІIcen, N=9 21.50 5.14 73.02 8.18 2.62 66.00 23.21 

N – number of samples 
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Figure 1a shows that the samples of water belonging to the Icen group (higher specific content of Cl-) 
are located very close to the baseline Na+=Cl-, which indicates the absence of a significant contribution 
of ion exchange and precipitation/dissolution of secondary minerals in the formation of the Na+ 
concentration. Samples of water belonging to the group IIcen lay below the baseline, which indicates 
the removal of sodium from solutions. The chlorine content in these samples increases, while the sodium 
content remains unchanged and varies around the average value within the error of 5%. 

а) b)
Figure 1 Relationship between the main components of groundwater: а) Na+ vs Cl-; b) Сa2++Mg2+ vs 
CO3

-+SO4
2- 

Samples of water belonging to the Icen group (higher Cl- specific content) locate very close to the 
baseline Сa2++Mg2+=HCO3

-+SO4
2-, indicating that there is no significant contribution of ion exchange 

or secondary minerals precipitation/dissolution in the formation of the Ca2+ concentration. A 
comparison of the graphs in Figure. 1a and 1b shows that there is no significant removal of calcium and 
no significant removal of sodium for the samples of group Icen. So we can conclude that ion exchange 
processes are unessential for the formation of Ca2+ and Na+ concentrations in this water of group Icen. 
In samples belonging to group IIcen, there is an excess of calcium and magnesium compared to the 
concentration of HCO3

- and SO4
2-, which indicates additional sources of magnesium and calcium than 

the dissolution of their sulphate and carbonate minerals. 

Modelling of equilibrium in natural water of the Cenomanian-Callovian aquifer 

Modelling results showed that water is saturated with respect to carbonate minerals (dolomite> calcite> 
aragonite, Figure 2a), relative to iron minerals (Fe (OH)3am> goethite> hematite), gibsite, quartz, K-
mica, kaolinite, Ca-montmorillonite and illite (K-mica> kaolinite> Ca-montmorillonite> illite, Figure 
2b). Saturation indices with respect to all minerals for Icen water are lower than for IIcen water. 

It should be noted that the PHREEQC modeling results could not give a direct answer to the question 
of what kind of secondary minerals is responsible for sodium removal from the water of group IIcen. 
As shown above for group IIcen, the concentration of Na+ and K+ is partly determined by reverse cation 
exchange, when calcium and magnesium are displaced from rocks into groundwater as a result of 
exchange with Na+ and K+. However, the key assumption remains that sodium removes from water 
mainly as a result of secondary minerals formation. According to the simulation results, the samples of 
this group are saturated with respect to K-mica, Ca-montmorillonite, potassium feldspar, and illite. 
Saturation indices for the IIcen group are slightly higher than for the Icen group, but the difference is 
insignificant. However, in the database used in PHREEQC, Ca-montmorillonite and illite are described 
as minerals of constant composition (respectively, Ca0.165Al2.33Si3.67O10(OH)2, 
K0.6Mg0.25Al2.3Si3.5O10(OH)2). Actually, in nature, they occur as minerals of variable composition 
(respectively, (Na,Ca)0,3(Al,Mg)2[Si4O10](OH)2•nH2O and (Na,K)0.6Mg0.25Al2.3Si3.5O10(OH)2), so the 
results obtained may indicate the possibility of sodium removal during the precipitation of 
montmorillonite and illite. 
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а)   б) 

Figure 2 Saturation indices: a) carbonate minerals; b) silicate minerals 

 
Analysis of spatial distribution of different types of water in the Cenomanian-Callovian aquifer over 
the area of the Obolon water intake (Figure 3) showed that wells with water of group Icen ( Cl- specific 
content is two times higher than in water of IIcen group) are concentrated in the lower and upper part 
of the scheme of wells location, and wells with water of group Icen occupy an intermediate position.  
 

 

 wells with water of group Icen  

 wells with water of group IIcen  
 
 
 
 
 
 
 
 
Figure 3 Scheme of wells location and 
indicated different groups of water 

 
No obvious correlation is observed between the type of water and the volume of groundwater 
withdrawal which contradicts the conclusions of works (Koshliakov et al., 2014). This inconsistency 
can be explained by the fact that the authors analyzed data for the XIX-XX centuries, when groundwater 
withdrawal in the city grew up steadily. Since 2000 the volume of groundwater withdrawal has 
decreased significantly and the processes that determined the groundwater composition in the XIX-XX 
centuries may now be running in the opposite direction, trying to return the system, if not to the original, 
then to a new equilibrium state. 
 
Conclusions 
 
The above results show the differences both in water composition and mechanisms of its formation 
within the small area of the Obolon water intake wells location . In water of the Cenomanian-Callovian 
aquafer, classified as group Icen, the role of ion exchange processes is insignificant and the balance 
between sodium and chlorine concentrations is preserved. The specific feature of water classified as 
group IIcen is twice as high chlorine concentrations as in water of group Icen. Also, the imbalance exists 
between sodium and chlorine concentrations. With increase of Cl- concentration sodium concentration 
remains unchanged and varies around the average value. 
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Formation of the chemical composition of water of the group IIcen can be described as follows: first, 
groundwater balanced by sodium and chlorine enters the aquifer, then, as a result of ionic exchange and 
precipitation of montmorillonite and illite, sodium is removed from the water, while the concentration 
of chlorine doesn’t change. Slight variations in sodium concentrations can be explained by the buffering 
properties of montmorillonite minerals, which, according to the modelling results, can precipitate in 
aquifer conditions. The cause of this anomaly may be occurrence of a fault through which deep sodium 
chloride water would ascend into the Cenomanian- Callovian aquifer, and then, according to the 
mechanisms described above, sodium would be removed from them. 
 
It should be noted that this conclusion is only a hypothesis, which is planned to be examined in the 
future by modelling based on computer program GEMS with explicit consideration of the rock 
composition and the representation of clay minerals and micas as solid solutions and a thorough analysis 
of fault zones over the Kyiv area. 
 
References 
 
Belkhiri, L., Boudoukha, A., Mouni, L., and Baouz, T. [2010] Application of multivariate statistical 

methods and inverse geochemical modeling for characterization of groundwater — A case study: 
Ain Azel plain (Algeria). Geoderma, 159(3–4), 390-398.  

Fedorenko, A., Rudenko, Yu., Buyan, N., and Nikitash, Yu. [2019] Geological and economic 
reassessment of operational reserves of the Kyiv drinking groundwater deposit for PJSC AK" 
Kyivvodokanal "in Kyiv. Kyiv Hydrogeological Expedition of SE "Ukrainian Geological 
Company". Kyiv. 

Hounslow, A.W. [1995] Water Quality Data: Analysis and Interpretation. CRC Press LLC, Lewis 
Publishers, Boca Raton. 

Kovalev, O., Matveev, G., Pastukhov, V., etc. [2001] State geological map of Ukraine. Scale 1: 200 
000. Sheet M-36-XIII (Kyiv) - K .: PDRGP "Northern Geology". 

Kuraeva, I.V., Stadnik, V.O., Samchuk, A.I., Zlobina, K.S., Manichev, V.I. and Egorov, O.S. [2008] 
Eco-Geochemical Estimation of Natural Waters of the Kyiv City Agglomeration. Mineral Journ 
(Ukraine), 30(4), 70-76. 

Koshliakov, O.E., Dyniak, О.V. and Koshliakova, T.E. [2014] Natural security (vulnerability) of 
groundwater used for drinking water supply in Kiev. Odesa National University Herald. 
Geography and Geology, 19(3), 269-274. 

Koshliakova, T.O. [2011] Potable water chemical composition changing in kyiv during exploration. 
Collection of scientific works of the IGS NAS of Ukraine, 4, 84-89. 

Ntanganedzeni, B., Elumalai, V. and Rajmohan, N. [2018] Coastal Aquifer Contamination and 
Geochemical Processes Evaluation in Tugela Catchment, South Africa—Geochemical and 
Statistical Approaches. Water, 10, 687. 

Parkhurst, DL. and Appelo C. User's guide to PHREEQC (Version 2): a computer program for 
speciation, batch-reaction, one-dimensional transport, and inverse geochemical calculations. 
1999. 

Rudenko, Yu., Olenovych, G., Romashko, G. and Petrychenko, N. [2007] Analysis of existing changes 
in groundwater quality at water intakes in Kyiv chain: aquifer - consumer. Report. NAS of 
Ukraine, REC. Kyiv. 

Shestopalov, V., Rudenko Y., Gudzenko V., etc. [1997] Development of regional observations and 
monitoring of radioactive and chemical contamination of groundwater in the area affected by the 
accident. Assessment of long-term risk of technogenic groundwater pollution. Report. NAS of 
Ukraine, REC. Kiev. 

Zlobina, E.S. and Tugai, A.V. [2014] Biogeochemical peculiarities of Kyiv city fresh artesian water. 
Exploratory and ecological geochemistry. (1-2), 13-18. 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


